Protein interactions in the budding yeast have been shown to form a scale-free network, a feature of other organized networks like bacterial and archaeal metabolism and the world wide web. Here, we study the connections established by yeast proteins and discover a preferential attachment between essential proteins. The essentialessential connections are long-ranged and form a sub-network where the giant component includes 97% of these proteins. Unexpectedly, this sub-network displays an exponential connectivity distribution, in sharp contrast with the scale-free topology of the complete network. Furthermore, the wide phylogenetic extent of these core proteins and interactions provides evidence that they represent the ancestral state of the yeast protein interaction network. Finally, we propose that this core exponential network may represent a generic scaffold around which organism-and taxon-specific proteins and interactions coalesce. 
Introduction
The advent of the genomics era is changing our focus from describing the molecular components of life in terms of their individual function to a more systemslevel approach, where the focus is on the interactions between these components. The study of the complex networks they define is critical for the understanding of cellularand organism-level processes. Protein-protein interactions underlie the majority of cellular mechanisms. They form complex networks that have been shown to have a scale-free topology (Jeong et al. 2001; Wagner 2001) , a property shared with other organized networks. This topological property is characterized by a power-law distribution of the number of connections established by each node. This attribute is particularly important in biological systems as it conveys robustness, i.e. tolerance to errors (Albert, Jeong, and Barabasi 2000) . In scale-free networks, most nodes can be removed with little or no effect to the network, i.e. the network remains fully connected. Only the targeted removal of the most central (connected) nodes causes the collapse of the system (Albert, Jeong, and Barabasi 2000) . In fact, it has been shown that connectivity (k) and essentiality (e) in the yeast protein interaction network are positively correlated (Albert, Jeong, and Barabasi 2000) . Thus, the most highly connected proteins are more likely to be essential, i.e. to have a lethal phenotype.
Independently, it was observed that the yeast interaction network displays an anticorrelation between the connectivity of a protein (k 0 ) and that of its binding partners (k 1 ) (Maslov and Sneppen 2002) . Hence, highly connected proteins are connected to proteins of low connectivity, and vice-versa. Considering these two results, it follows by guest on November 4, 2016 http://mbe.oxfordjournals.org/
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Essential proteins in the yeast interaction network Pereira-Leal et al. 2004|07|29 4 that essential proteins are more highly connected, and hence bind to proteins of lower connectivity that are more likely to be non-essential (n). Therefore, essential proteins should rarely bind other essential proteins. This prediction is, however, at odds with many cases of essential proteins that interact with other essential proteins, e.g. in the context of multi-protein complexes. Examples are RNA polymerase subunits (Shilatifard, Conaway, and Conaway 2003) , ribosomal proteins (Garrett 1999) , the components of the origin recognition complex (ORC) (Bielinsky and Gerbi 2001) , to name just a few. Thus, an apparent discrepancy emerges between topological studies of proteomics data, which suggest that essential proteins do not frequently interact with each other, and experimental studies of protein complexes which indicate the opposite. This problem arises from the integration of distinct functional genomics data, which is critical to our understanding of the evolution of biological networks (Eisenberg and Levanon 2003; Qin et al. 2003; Kunin, PereiraLeal, and Ouzounis 2004; Yook, Oltvai, and Barabasi 2004) .
Methods

Interaction and phenotypic data
We obtain protein interaction information for Saccharomyces cerevisiae from the Database of Interacting Proteins (DIP) (Xenarios et al. 2002) . Proteins were classified as essential (e) or non-essential (n) in glucose-rich medium, as determined in a genome-wide gene deletion study (Winzeler et al. 1999 ). These form a network of 15114 interactions (2543 e:e , 5580 e:n or n:e , 6991 n:n) involving 4716 proteins, of which 826 are essential.
Assessing correlations
When assessing the existence of correlations between two variables, we compute
Pearson's correlation coefficient r. We further report the slope of a linear fit , and the ranges in which these quantities are computed.
Fitting connectivity distributions
We fit the connectivity distribution to two concurrent models: power-law ( P(k) k-) and exponential ( P(k) exp(-k) ), using standard regression methods. In order to assess the goodness-of-fit for each model, we calculate the obs 2 between the data and the model as well as its associated probability P( 2 > obs 2 ) -the smaller the observed obs 2 , the larger the P-value i.e the better the analytical formulations explain the observed distribution.
Phylogenetic extent
The phylogenetic extent of each protein was determined as described previously(Peregrin-Alvarez, Tsoka, and Ouzounis 2003), using as reference the nonredundant protein sequence database SwAll (SwissProt and TrEMBL) (Bairoch and Apweiler 2000) , which includes 837,986 protein sequences [Bacteria -336,041, Archaea -40,517, Eukaryota -461,428 (Fungi -27,331, Metazoa -28,2613, Protista -30,467, Viridiplantae -121,017) ]. P(h) is defined as the relative frequency of essential or non-essential proteins that have a homolog in the considered taxonomical
groups.
An interaction is estimated to be conserved if both interacting proteins have homologs in a given model organism with complete genome sequence available, using Blast (Altschul et al. 1990 ) with default parameters and at a threshold value of -5 . Similar results are obtained when more stringent threshold values are used i.e.
E<10
-10 and E<10 -20 (not shown).
Results and Discussion
In order to address the apparent contradiction between the prediction that essential proteins don't frequently interact based on topological analysis of proteomics data, and the experimental studies of protein complexes which indicate otherwise, we deploy a parallel statistical analysis of the distribution of connectivity and essentiality in the protein interaction graph of Saccharomyces cerevisiae. As the amount of data is steadily growing, in a first step we confirm that the two topological features of the yeast interaction network described above apply to the current data set (see Methods).
Indeed, we recover the previously observed positive correlation between the probability of essentiality and connectivity (Jeong et al. 2001 ) (data not shown) and the anti-correlation between the connectivities of neighboring nodes (Maslov and Sneppen 2002 ) (see below). We study the relative frequency of neighbors with an essential deletion phenotype (f(e 1 )) as a function of the phenotype (e 0 or n 0 ) and connectivity (k 0 ) of the central node. We observe that essential proteins are on average more frequently connected to other essential proteins than are the non- The scale-free topology has been suggested to have emerged early in evolution (Wagner 2003) . Our results however do not support this idea -the subnetwork representing an early stage of the extant network displays an exponential connectivity distribution (Figure 3) . One possibility is that this is just a consequence of 'historical noise', and that the primitive network was indeed a scale-free network.
However, our interpretation is supported by previous work suggesting that this exponential character may represent the state of an ancestral network. In mathematical models of network growth, it has been shown that if the preferential attachment of new nodes to existing nodes of high connectivity is relaxed, exponential topologies emerge (Krapivsky, Redner, and Leyvraz 2000) . Furthermore, other modelling results suggest that an exponential network can also emerge if re-wiring of existing nodes is also considered . Note that in this model, re-wiring is not random -it is still constrained by preferential attachment. In biological terms, the implication is that the gain and loss of interactions between existing components (rewiring) within the early network may have played a predominant role, compared to the addition of new components. This scenario is plausible, for example, assuming that replication is not faithful, and that new generations have slightly changed protein repertoires -some of the components will lose connections, but gain new connections to other nodes.
By combining phenotypic and interaction data, we have been able to propose novel descriptive attributes of the yeast protein interaction network. More quantitative studies, along the lines of the work presented here, will be needed to determine to what extent the peculiar topological properties of the essential sub-network follow from different underlying mechanisms. Furthermore, it remains to be determined if in non-biological systems, such as the world wide web or social networks, there is also a specific conservation of a core of components and interactions, and whether these also display distinct topological properties. The analysis presented here may have consequences for our understanding of the overall structure and evolution of biological and other organized networks.
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